Abstract-A novel waveguide slot filtering antenna with an embedded metamaterial is presented. This filtering antenna consists of a common waveguide slot antenna with longitudinal slots cut on the top broad wall of its rectangular waveguide and a metamaterial surface embedded in the bottom broad wall. The metasurface replaces the conventional metal plane in the form of a bed of nails. In the operating frequency band, the metasurface works as a perfect electric conductor, so the antenna radiates as the traditional waveguide slot antennas. While in the stopband, the metasurface performs as a perfect magnetic conductor to suppress the propagation of electromagnetic wave in the waveguide cavity, so the interference signal is rejected and a filter function is achieved. To show the design process and verify its feasibility, a filtering antenna prototype working in the C-band and having a stopband in the X-band is designed, fabricated, and tested. A good agreement between simulation and measurement is obtained, demonstrating efficient radiations in the working band and a strong suppression of more than 35 dB in the stopband.
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I. INTRODUCTION
T HE current developments in wireless communication systems demand the radio frequency (RF) front end to be compact, lightweight, low cost, multifunctional, and antiinterference, especially when the device is installed on spaceconfined platforms such as cars, ships, planes, and satellites. The antenna and filter are the two important components for the RF front end, and the filter is usually cascaded after the antenna. Traditionally, the antenna and filter are designed individually with a common 50 terminal impedance and then connected through a 50 transmission line. However, this type of configuration does not ensure that the antenna and filter match well in the frequency range of interest, which increases the insertion loss of the front end. Moreover, additional space is required to accommodate the extra transmission line. To meet the demand of wireless communication, a filtering antenna, i.e., a module having radiating and filtering functions simultaneously, has been proposed and attracted significant research interests in recent years [1] - [7] .
Different methods to design filtering antennas were reported in the literature. Several filtering antennas were realized by adding particular structures to antennas [8] - [12] . In [8] , metal posts were inserted into a horn antenna. In [9] , coupled cavities were placed into the waveguide of a leaky antenna. A parasitic loop was placed at the top of a printed antenna in [10] . In [11] , four shorting pins were embedded into a via-fed monopole ultrawideband (UWB) antenna. In [12] , H-shaped coupling lines and a stacked patch were used for a dual-polarized patch antenna. Although these antennas exhibit promising filtering performances, they were designed without using a systematic approach so it is difficult to tune the filtering performance, such as the bandwidth of the stopband and the attenuation level, to meet different requirements.
Various approaches were presented for integrating the filter into the feedline of the antenna [13] - [16] . Based on the multilayer low temperature co-fired ceramic technology, a quasi-elliptic filter was integrated into a microstrip line of a series-fed antenna array in the V -band [13] . A three-pole coplanar strip (CPS) filter was connected with a CPS-fed loop antenna to obtain a UWB antenna-filter system [14] . In [15] , a bandpass filter was designed with the balun of a quasiYagi antenna. In [16] , a third-order filtering power divider was used to feed a microstrip antenna array. In [17] and [18] , evanescent mode filters were integrated to the feeding waveguide of a broadband slotted ridge waveguide antenna array [19] . Nevertheless, in these designs, the feeding network must provide enough space to include the filtering circuit, which increases the size of the front end.
Recently, a synthesis process for filtering antenna design has been presented. In these designs, the antenna not only radiates but also serves as the last resonator or the load impedance of the filter. So far, several different forms of this type of filtering antennas have been reported, such as slot antennas with 3-D cavity filters [20] , microstrip filtering antennas [21] , [22] , and substrate-integrated waveguide filtering antennas [23] . However, due to the lack of the exact extraction of the antenna's equivalent circuit, these filtering antennas did not show a good filtering performance, especially at the band edges.
In this paper, a novel design method of a waveguide slot filtering antenna array is proposed. Different from the previous 0018-926X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. work, in which the filtering function is usually realized by designing the physical structure of a filtering antenna to be equivalent to the circuit model of a specified filter, the filtering function, here, is obtained by utilizing the metamaterial surface embedded in the waveguide cavity. The design process of the proposed filtering antenna is straightforward. The operating band and stopband can be easily adjusted to meet different demands. The designed filtering antenna has similar radiating performance as the common waveguide slot antenna in the operating band, while possesses a strong attenuation property in the stopband. This paper is organized as follows. Section II shows the configuration of the proposed filtering antenna. Section III explains the filtering mechanism and the design process of the proposed filtering antenna. Section IV presents the experimental results. Section V concludes this paper.
II. STRUCTURE OF FILTERING ANTENNA
The proposed filtering antenna has the same configuration as a conventional waveguide slot antenna, except that the smooth metal plane in the bottom wall of the rectangular waveguide is replaced with a metamaterial surface. The metasurface consists of periodic metal nails.
In this paper, a prototype is designed to radiate in the C-band with a stopband in the X-band. As shown in Fig. 1 , to simplify the design without loss of generality, four longitudinal radiating slots are adopted. To facilitate the measurement, a coaxial-to-waveguide transition is used to excite the filtering antenna. The main dimensions of the prototype are listed in Table I .
III. DESIGN AND ANALYSIS OF FILTERING ANTENNA

A. Filtering Fundamental
It is well known that a vertical electric field propagates freely between two parallel perfect electric conductor (PEC) plates (alternatively called metal plates) regardless of their separation, as illustrated in Fig. 2(a) . However, there is no propagated field (i.e., all modes are below cutoff frequency) between a PEC plate and a perfect magnetic conductor (PMC) plate when their separation is smaller than λ/4, where λ is the wavelength, as illustrated in Fig. 2(b) . This parallel-plate cutoff property was used in the ridge gap waveguide (RGW) technology [24] - [26] . In RGW, the PEC ridges are surrounded by a PMC surface. Providing a waveguide cavity with height less than λ/4, the PMC surface stops waves in all the directions. In such a way, the waves have to follow the PEC ridges. When designing microwave circuits, the ridges can be bent, split, or form a corner. This paper is inspired by the fact that the parallel-plate waveguide exhibits a stopband, as shown in Fig. 2(b) . Here, the bottom wall of a conventional PEC rectangular waveguide is replaced with an appropriately designed metasurface to obtain a stopband over a specified frequency range. As shown in Fig. 3 , the top and bottom planes are separated by a distance Fig. 3 . Field propagation in a metamaterial-based waveguide: the metamaterial surface works as a PEC plane at operating frequencies and as a PMC plane at rejecting frequencies. less than λ S /4, where λ S is the smallest wavelength of the stopband. The response of the metasurface is designed to vary with frequency. At the operating frequencies, the metasurface performs as a PEC plane, so the waves can propagate through the waveguide. While in the stopband, the metasurface functions as a PMC plane, so the propagation of the wave is rejected. As a result, a filtering function is achieved.
B. Design of Filtering Waveguide
In this section, a filtering waveguide is designed based on the principle described earlier. The configuration of the proposed filtering waveguide is shown in Fig. 4 . As can be seen, the metasurface is embedded into the bottom of the waveguide in the form of bed of periodic nails. The nails have a height h, a square cross section with side length W , and a distance P between two adjacent nails, as labeled in Fig. 1(c) and (d) . The values of these dimensions are given in Table I .
The metasurface is simulated by applying the periodic boundary condition in the HFSS simulator, as shown in Fig. 5 . The simulated reflection coefficient of the unit cell is also shown in Fig. 5 . A 0 dB magnitude is obtained within the frequency band of interest, and a 0°reflection phase occurs at 8.5 GHz. This corresponds to the frequency where the metasurface behaves like a PMC. Usually, the useful bandwidth of Simulated reflection magnitude and phase of the metamaterial surface. a PMC is defined as +90°to −90°on either side of the central frequency. Thus, the designed metasurface can be considered as a PMC from 7.5 to 9.6 GHz.
The transmission coefficient (S 21 ) of the filtering waveguide is shown in Fig. 6 . For better comparison, S 21 performances of a conventional PEC waveguide (with four PEC sides) and a waveguide with a PMC bottom wall are also shown in Fig. 6 . Both of the waveguides have the same dimensions of a and b. Here, a and b are set to 32 and 7.6 mm, respectively. For the conventional waveguide, this corresponds to a cutoff frequency at 4.7 GHz. While for the case of the PMC bottomed waveguide, its cutoff frequency is 9.9 GHz, and all the waves below 9.9 GHz are rejected. The cutoff frequency happens at 9.9 GHz because b equals the quarterwavelength of 9.9 GHz, just as predicted by the parallel-plate cutoff property mentioned earlier.
In summary, as shown in Fig. 6 , from 4.7 to 9.9 GHz, a PEC bottom wall supports the wave propagation, whereas a PMC one stops the wave propagation. When the metasurface performs as a PEC, the S 21 response of the proposed waveguide is similar to that of the common waveguide. As a result, the nearly 0 dB performance is obtained over a large frequency range. From 5.2 to 6.8 GHz, the insertion loss is better than −0.5 dB, leading to a passband. There is a cutoff frequency at 4.7 GHz, which is the same as that of the common waveguide. Within the frequency band of 5.3-5.7 GHz, which is the designed operating frequency band of the presented filtering antenna, the mode of the filtering waveguide is the same as the T E 10 mode of a common waveguide. The electric field distributions in the filtering waveguide are shown in Fig. 7 .
It can also be seen in Fig. 6 that there are large attenuations (stronger than 60 dB) from 8.1 to 8.9 GHz for the proposed design. This is similar to that of a PMC bottomed waveguide, resulting in a stopband. The stopband is obtained because the metasurface functions as a PMC at these frequencies. The stopband central frequency of 8.5 GHz agrees well with the 0°reflection phase location of the metasurface shown in Fig. 5 . However, the bandwidth of the stopband is narrower than the PMC bandwidth of the general defined +90°t o −90°shown in Fig. 5 . It corresponds to the PMC bandwidth from +50°to −50°. This presented design is flexible because the central frequency and the bandwidth of the stopband can be easily controlled to meet different antiinterference demands. Figs. 8 and 9 show the effects of the nail height and width on the central frequency and bandwidth of the stopband, respectively. As shown, the central frequency and bandwidth change with different nail parameters. Since the central frequency and bandwidth of the stopband are consistent with that of the PMC band of the metasurface, the effects of the nail parameters on the stopband characteristic are inherently achieved by adjusting the PMC performance of the metasurface.
C. Design of Filtering Antenna
This section presents the simulated results of the proposed filtering antenna. The structure of the proposed antenna is shown in Fig. 1 . Four slots are designed on the top broad wall of the filtering waveguide. The design method of the slots is the same as that of the traditional waveguide slot antennas [27] . The offset and length of the slots are optimized to meet a good impedance matching and radiation characteristics. The operating frequencies are centered at 5.5 GHz in the passband of the proposed filtering waveguide. Fig. 10 shows the simulated reflection coefficient of the proposed antenna. To focus on the performances of the proposed antenna in the operating band and the stopband, the data between these two bands are not given out. Within the frequency band of 5.3-5.7 GHz, good impedance matching is obtained with |S 11 | < −10 dB. While in the stopband of 7.9-8.7 GHz, nearly 0 dB S 11 performance implies an almost total reflection so the signals in this band are rejected. Fig. 11 shows the simulated broadside gain of the proposed antenna versus frequency. The gain is about 12.2 dBi in the operating band, while below −29 dBi in the entire stopband, corresponding to a suppression level more than 40 dB. Here, the suppression level is defined as the ratio of received electromagnetic energy in the operating band to that in the stopband. Compared with the stopband (8.1-8.9 GHz) of the filtering waveguide, the stopband (7.9-8.7 GHz) of the filtering antenna slightly shifts to lower frequency, and the suppression is also lower than the filtering waveguide (more than 60 dB as shown in Fig. 6 ). These differences are caused by the introduction of radiating slots, which affect the waveguide cavity to some degree.
As a comparison, the gain response of a common waveguide slot antenna is also shown in Fig. 11 . The structure and dimensions of the common waveguide slot antenna are shown in Fig. 12 . The waveguide slot antenna has the same operating band and number of radiating slots as the proposed design. As shown in Fig. 11 , the gain of the common antenna is about 13.3 dBi, 1.1 dB higher than that of the proposed one. This is because the common waveguide slot antenna has a larger aperture. While in the stopband, the gain level of the common antenna is averagely 14 dB higher than that of the proposed antenna, with two peaks of −10.2 and −7.2 dBi at 8.1 and 8.5 GHz, respectively.
It should be noted that the maximum gain is usually not in the broadside direction when the frequency is far away from the central frequency, and the interference signals can come from any direction. Therefore, it is necessary to examine the whole gain pattern not only the broadside gain. As an example, the gain patterns at 8.5 GHz are shown in Fig. 13 for both the common and proposed waveguide slot antennas. The patterns are in the U-V coordinate system. As shown, the maximum gain is indeed not at the broadside direction (i.e., at the center of the circle). For the common case, the maximum gain is −1.4 dBi, whereas it is −24.8 dBi for our design [be note that the scales in Fig. 13(a) and (b) are different]. Taking the 12.2 dBi gain in the working band into account, a strong suppression of more than 35 dB is obtained for the proposed antenna, while the suppression is only around 15 dB for the common one. The properties of gain patterns at other frequencies in the stopband are similar. To avoid repetition, they are not shown in this paper.
IV. EXPERIMENTAL RESULTS
To verify the design method and the predicted performance of the proposed filtering antenna, the prototype antenna was fabricated and tested. First, the antenna is fabricated from two parts: a cover and a cavity. As shown in Fig. 14 , the cover consists of coaxial-to-waveguide transition and radiation slots, while the cavity includes the feeding probe and nails. Then, the antenna is assembled by fixing the cover on the top of the cavity with screws.
The measured reflection coefficient of the proposed antenna is plotted in Fig. 15 , and the simulated result is also given as a comparison. As shown, the measured results have a good agreement with the simulations, especially in the operating band, whereas in the stopband, the measured result slightly shifts to higher frequency. The small discrepancy may be caused by the fabrication tolerances of the height of nails since the location of the stopband is sensitive to this parameter. Fig. 16 shows the simulated and measured broadside gain responses of the proposed antenna. They show a good agreement with each other. Comparing the gain levels in the operating band and stopband, the suppression to the interference signal is calculated to be more than 40 dB. Considering the interference signal may be not in the broadside direction, it is still reasonable that a suppression around 35 dB can be achieved, as analyzed in Section III-C. The simulated and measured H-plane radiation patterns are shown in Fig. 17 . There are good agreements between the simulation and measurement results, showing classic patterns of the 1-D four-element linear array, which verifies the good radiation properties of the designed filtering antenna.
V. CONCLUSION
A novel waveguide slot filtering antenna is presented in this paper. The design principle and process are explained. This type of filtering antenna consists of a common waveguide slot antenna and a metamaterial surface embedded into the bottom of the waveguide cavity. The surface is in the form of bed of nails, it works as a PEC in the operating band, while a PMC in the stopband. A prototype was fabricated and measured, and good agreements between the simulation and measurement are obtained, showing a suppression level of 35 dB to the signal in the stopband. The proposed design process is flexible, and the passband, as well as the stopband of the antenna, can be easily adjusted. Moreover, the proposed antenna can be expanded to a larger array and its all-metal structure makes itself suitable for many practical applications.
